In order to assess the structural evolution of the Brive basin and the Paleozoic activity of surrounding major faults in the French Massif Central, we carried out a paleomagnetic study 
Introduction
The Variscan orogeny is the most important Paleozoic tectonic event in Western Europe, and the French Massif Central contains among the best exposures to observe the deformation related to this event. It is now well acknowledged that nappe stacking, metamorphism and magmatism took place during the convergence between Gondwana, Laurussia and several microcontinents, and that the collision was completed in the Early Carboniferous (e.g., Matte
1986; Autran and Cogné 1980) . The Middle to Late Carboniferous post-collisional evolution of the belt is characterized by two successive extensional stages (Faure 1995) . The first one, beginning in the Late Visean (ca. 330 Ma), is coeval with Namurian-Westphalian synkinematic plutonism. The second one, from the Late Carboniferous to the Early Permian, is associated with the opening of several coal-bearing intramontane half-graben basins deposited on the metamorphic basement (Fig. 1a) . NE-SW stretching directions characterize the Late Carboniferous-Early Permian extension. Some major faults, such as the Cévennes, Sillon Houiller and Argentat faults, played an important role to accommodate the extension.
The Sillon Houiller fault is a major discontinuity at the scale of the Variscan Belt of Europe.
For this fault, a Late Carboniferous left-lateral displacement of about 50 km is documented on the basis of offset of geological features (plutons, faults, metamorphic series, etc., e.g., Grolier and Letourneur 1968; Blès et al. 1989) .
However, younger movements along these major faults remain undocumented, though Late Permian extension is clear in some Permian basins (Bourges 1987) . Moreover, the reality of post-Permian activity along the Sillon Houiller appears highly likely. Indeed, since 250 Ma, the French Massif Central experienced several continental-scale tectonic such as Early Mesozoic rifting related to the formation of the passive margin of the Alpine LigurianPiemontese Ocean, the Eocene Pyrenean compression and the Oligocene-Miocene intracontinental rifting. In addition, paleomagnetism pointed out, for example, local small block rotations during Pyrenean tectonics in the eastern part of the Massif Central, close to the Cévennes faults (Henry et al. 2004) . Thus, its application to the Brive basin might be a key tool to bring constraints on possible displacements along Argentat and Sillon Houiller faults. The interest of such a study is also of more general order. In fact, a significant part of paleomagnetic data used to establish Apparent Polar Wander Path (APWP) for the main continents and thus the continental drifts have been obtained in detrital basins around orogenic areas. This is particularly true for Upper Paleozoic times. To point out local rotations within such basins should imply to reconsider in detail part of these paleomagnetic reference poles.
The paleomagnetic studies carried out in the Lodève (Mérabet and Guillaume 1988; Henry 1988) and Largentière (Henry et al. 1999) Permian basins on the southeastern border of Massif Central revealed that they were rigidly attached to stable Europe since at least Early Permian. But paleomagnetic results from other contemporaneous Permian basins in the southwestern French Massif Central, such as the Saint-Affrique (Cogné et al. 1990 , Diego-Orozco and Henry 1993 , and the Rodez basins (Diego-Orozco et al. 2002) show rotations at different scales during the Permian. During the Early Permian, the Saint-Affrique Basin experienced internal deformation characterized by paleomagnetic block rotations and a strong counterclockwise rotation is also suspected in the Rodez Basin. It was then important to determine if Saint-Affrique and Rodez basins represent exceptional cases or if similar rotations can be observed in other basins. In a previous paleomagnetic study of the Brive Basin, only three sites of 15 concern Early Permian rocks (Chen et al. 1997) . To get a better understanding of the kinematics of the Brive basin and to infer the Paleozoic or even younger activity of the surrounding faults, a paleomagnetic study of the Early Permian rocks from this basin has been then carried out.
Geological setting and paleomagnetic sampling
The Carboniferous-Permian Brive basin is situated on the southwestern border of the French Massif Central (Fig. 1a) . This NW-SE elongated basin of about 600 km2 overlies the Limousin metamorphic basement and is unconformably overlain by sub-horizontal Triassic and Jurassic formations. Although locally the northeastern border is a normal fault, the primary contact is stratigraphic, because Carboniferous and Permian rocks unconformably cover the metamorphic rocks with a basal conglomerate and coarse sandstone (Fig. 2) . The southern border is truncated by a series of WNW-ESE trending reverse faults (Fig. 1b) .
Drilling has identified Permian rocks extending farther south under the Mesozoic strata, up to the Figeac area (Fig. 1a ). This agrees with sedimentological studies that show a southwestward thickening and coarsening of the deposits (Feys et al. 1979; Feys 1989) . The Châtre, Meyssac and Condat faults belong to the same system of WNW-ESE trending Late Variscan structures offset by the NNE-SSW Segonzac and Larche strike-slip faults and by the N-S Lissac strike-slip fault (Fig. 1b) . Although all these faults were reactivated as left lateral The history of the Brive basin begins with the opening of the WNW-ESE trending halfgraben during the Late Carboniferous-Early Permian. A significant angular unconformity occurs in the lower part of the Early Permian strata ( Fig. 2; BRGM 1989 ). Another discontinuity occurs around the boundary between Early and Late Permian (Fig. 2) . Similar to other Late Paleozoic basins of the French Massif Central, the age of the continental sediments is poorly constrained (Feys 1989; Broutin et al. 1986) We collected 32 sites of Early Permian rocks for this study (Table 1) . This collection can be lithologically separated into two parts: limestone of the lower part of the section (17 sites) and sandstone of the upper part (15 sites). Six to 15 oriented hand samples or mini drill cores per site were collected. Limestone is mainly exposed in the central part of the basin; only two limestone sites were sampled in the eastern and western parts (Fig. 1b) . Because of poor outcrop quality, few sites in sandstone facies were collected in the western and central parts of the basin. Most of the sandstone collection consists of redbeds and only two sites are of graygreen-yellow color. Sites 49 and 50 are located in the southeastern extremity of the basin and near the contact with overlying Mesozoic cover (Fig. 1b) . The solar and magnetic orientations, measured for core samples, are similar. Standard cylindrical cores were cut from hand samples in the laboratory (2.5 cm in diameter and 2.2 cm in length). (Chen et al. 1997) 
Coordinates

Anisotropy of magnetic susceptibility
Anisotropy of magnetic susceptibility (AMS) was measured with a KLY3 Kappabridge (AGICO, Brno, Czech Republic). The study of AMS has been carried out to make a knowledge on depositing horizontal and to detect possible posterior deformation (Blès et al. 1989) . Magnetic foliation poles (minimum susceptibility axes K 3 ) generally show steep inclinations ( Fig. 3a) and are close to the poles of bedding planes. The magnetic lineations
(maximum susceptibility axis K 1 ), are sub-horizontal and trend predominantly NW-SE. Most samples exhibit positive values of the shape parameter T (Jelinek 1981) , indicating a dominant planar fabric, but prolate fabrics were also observed in some samples (Fig. 3b) . The anisotropy degree P′ (Jelinek 1981 ) is less than 1.05 for the majority of the samples (Fig. 3b) .
The orientation of the minimum axis is typical for sedimentary rocks (Hrouda 1982) , but the presence of prolate fabrics and the NW-SE clustering of the maximum K 1 axes could be related to very weak deformations or depositional processes in this NW-SE trending basin.
No strain or only very weak deformation affected these rocks, and a primary remanent magnetization could therefore have presented in these rocks. 
Magnetic mineralogy methods
To characterize the magnetic mineralogy, we conducted the following laboratory analyses: The magnetic remanent directions were isolated by principal component analysis (Kirschvink 1980 ) and the mean directions computed by Fisher spherical statistics (1953) using paleomagnetic software packages offered by Cogné (2003) , R. Enkin and M. Le Goff.
Limestone Thermomagnetic experiments reveal the presence of two principal magnetic minerals, magnetite and hematite, by significant drops of magnetic susceptibility at intervals of 530-580°C and 600-680°C, respectively (Fig. 4a) . The hysteresis loops show a strong paramagnetic and/or high coercive magnetic mineral dominance with a linear trend at magnetic fields above 700 mT (Fig. 4b) . After removing the paramagnetic effect, the magnetic hysteresis curve confirms the existence of a low coercive mineral like magnetite (Fig. 4c) . Saturation is reached at about 170 mT (Fig. 4c) . The ratios of Js/Jrs and Hc/Hrc are about 0.5 and 3.1, respectively. These values are typical for pseudo single domain titanomagnetite (Dunlop 1986).
Fig. 4 Magnetic mineralogical studies on the representative samples by thermomagnetic and induced magnetic moment experiments
Sandstone More complicated magnetic behavior was observed in sandstone samples.
Samples from the redbeds exhibit similar behavior as the limestones, though the thermomagnetic measurements show a weaker magnetic susceptibility than the limestones, and two susceptibility drops around 550-580°C and 650-680°C (Fig. 4d) . The linearity at high magnetic fields of the hysteresis curves indicates the dominance of paramagnetic or high coercive minerals (Fig. 4e) . After the removal of paramagnetic slope, typical magnetite characteristics are revealed ( Fig. 4f ) with ratios Js/Jrs and Hc/Hrc about 0.6 and 2.5. These observations show that the main magnetic minerals are magnetite and hematite. The graygreen-yellow sandstones exhibit very weak susceptibility, close to the sensitivity of the susceptibility bridge. The hysteresis curve reveals an almost perfect linearity between the applied magnetic field and the induced magnetic moment (Fig. 4g) . After subtraction of the paramagnetic slope, a small contribution of ferromagnetic minerals is observable (Fig. 4h) .
No reliable magnetic parameters, such as saturation moment or coercive force, can be determined, so the magnetic remanence carrier of this facies is indeterminable at this step. (Fig. 5a) . A poorly defined component is often removed from 0-10 mT and a relatively stable component is isolated from 10-80 mT (Fig. 5a) . Most of the samples were then thermally demagnetized, allowing the determination of a stable component in the temperature range from 200-300°C to 450°C (Fig. 5b-5f ). For part of the samples from the dark facies, the NRM was below the sensibility of magnetometer. All stable magnetic components are characterized by uniquely reversed polarity.
Remanent magnetization analysis
Sandstone specimens were treated by progressive thermal demagnetization with temperature intervals varying from 20 to 200°C. Redbed samples display a viscous component from room temperature to 300°C and a stable component at higher temperatures (Fig. 5b-5e) . A stable magnetic component has been isolated from the majority of the redbed specimens in a temperature range from about 300 to 680°C (Figs. 5c, d ), indicating that both magnetite and hematite carry coherent magnetic directions. The magnetic remanence of the specimens that were completely demagnetized by about 550°C may be carried only by magnetite or partially by hematite of coarser grain size (Figs. 5b, e) . The two sites with gray-green-yellow colored sandstone show either a highly viscous magnetization (Fig. 5f ) or are too weakly magnetized (Site 45). Again, the stable high temperature component presents only reversed polarity.
Discussion
Samples from 32 sampling sites yield stable magnetic components (Table 1) . Fisher statistics (1953) of all site-mean directions shows a better grouped mean direction after bedding correction (index s) with respect to before (index g): N=34, Dg=188.9°, Ig=6.0°, kg=18, α 95 g=5.7°; Ds=189.0°, Is=−3.4°, ks=38 α 95 s=3.9° (Fig. 6a, b) confidence levels, respectively). Proportional incremental unfolding according to Watson and Enkin (1993) confirms this conclusion with a maximum k value at 98.6% unfolding (Fig. 7) .
The solely reversed polarity of sites widely spread in both geographic distribution and stratigraphic position is consistent with the remanence being blocked during the Permian Kiaman Long Reversal Superchron. The obtained directions have lower inclination than those obtained for the upper part of the Permian series (Chen et al. 1997) . Therefore, the age of the remanent magnetization probably corresponds to the stratigraphical age of the rocks.
However, the distribution of the paleomagnetic directions shows a significant scatter in declination (Fig. 7b ). This suggests either that differential vertical-axis rotations have occurred between these sites or that the age interval of the studied rocks is so large that scattering reflects the effect of continental drift. The second hypothesis can be excluded because neighboring sites of different age (limestone and red beds) give similar paleomagnetic directions. Therefore, the Brive basin experienced differential rotations and these differential rotations do not correspond to the intra-Autunian discontinuity (Fig. 2) . Table 1 and test)
When treating the Early Permian (Autunian) results, we divide the Brive basin into three parts from NW to SE (Table 1 and Fig. 1 ), each with coherent paleomagnetic directions: Areas A (n=18, Ds=195.4°, Is=−4.0°, ks=104 α 95 s=3.2°), B (n=14, Ds=178.1°, Is=−1.8°, ks=56
α 95 s=5,0°) and C (n=2, Ds=206.8°, Is=−7.2°). Areas A and B are separated by the Larche and Lissac strike-slip faults (Fig. 1b) . Area C lies in the easternmost part of the basin, represented by only two sampling sites (Fig. 1b) . The fold tests are indeterminate for area A (too weak variation of dip in this area) but significant at 99% for area B (ks/kg ratio of 2.9 exceeding the critical value of 2.55 for the fold test of McElhinny (1964) . Mean paleomagnetic poles were computed for each group (Table 1) . Meyssac fault. In other words, the rotation of area C is local, as this area is located on the extreme eastern corner of the basin. In contrast to the Autunian data, the declination scatter of the paleomagnetic directions is not observed in the Saxonian-Thuringian data (Fig. 8b ) from apparent Fisher distribution of these poles implies that the Brive basin can be considered as a rigid block since that time (Fig. 8b) . Therefore, the differential rotations observed for the Early Permian formation probably correspond to the discontinuity observed between the Early and Late Permian (Fig. 2) . Thus, the Brive basin seems "welded" after the Autunian. Table 2 ). Detailed statistical analyses of paleomagnetic data show that these five basins were positioned at similar equatorial latitudes.
However, their declination pattern is more complicated. Relative rotations have been observed both at intra-and whole-basin scales. Figure 9 presents the rotations inferred for each studied basin of the French Massif Central with respect to Stable Europe (Diego-Orozco et al. 2002) . 
Conclusion
